Expression of Fgf-8 , Bmp4, Bmp-7, and shh in the branchial arches of the chick embryo is examined by in situ hybridization. Fgf-8 expression is initially broad and diffuse, becoming more tightly restricted, particularly in the epithelium of the posterior ectodermal margin (PEM) of the 2nd branchial arch. Bmp-7 transcripts, first seen at stage 12 in discrete regions corresponding to the developing branchial clefts, are later detected in both clefts and arches, including the PEM of the 2nd arch while Bmp4 transcripts are detected at stage 18 in the distal tips of the arches. Shh expression remains localized, overlapping with both Bmp-7 and Fgf-8 in the PEM of the 2nd arch at stages 16 and 18. Based on these data, a model is proposed for the role of these signalling molecules in branchial arch development. 
Introduction
In recent years, studies on pattern formation in vertebrate embryos have provided important insights into the cellular and molecular mechanisms underlying the establishment of the embryonic body plan. However, little attention has been given to examining these mechanisms in the development of the branchial arches. These bilaterally symmetrical structures arise at the anterior of the embryo around the oral cavity, grow out and fuse ventromedially to give rise to substantial parts of the face and neck of the adult organism. Although it is known that the arches are derived from pharyngeal endoderm, surface ectoderm, paraxial mesoderm and neural crest cells, the molecular basis of the complex and dynamic interactions between these different tissues is largely unknown. Since the branchial arches, like limb buds, are outgrowths from the body of the embryo, there may be parallels in the way their anterior-posterior (A-P), dorsal-ventral (D-V), and proximal-distal (P-D) axes are established and maintained. In fact, Richman and Tickle (1992) demonstrated with recombination experiments that in some instances limb bud ectoderm can support outgrowth of craniofacial mesenchyme and, conversely, craniofacial ectoderm can support outgrowth of limb mesenchyme. We have begun to address these questions by examining the expression in the branchial arches of three classes of polypeptide signalling molecules known to be important in the growth and patterning of the vertebrate limb. These are members of the bone morphogenetic protein (BMP) and fibroblast growth factor (FGF) superfamilies and sonic hedgehog (SHI-INHH-1; referred to as SHH in this paper).
BMPs are secreted signalling peptides of the transforming growth factor beta (TGF-/I) superfamily which are thought to function during embryogenesis by mediating cell-cell interactions in a variety of tissues. There is now substantial evidence that in vertebrates BMPs play key roles in mesoderm formation and differentiation, nervous system development and skeletogenesis, as well as limb bud patterning (Dale et al, 1992; Jones et al, 1992; Basler et al, 1993; Harland 1994; Kingsley 1994; Laufer et al, 1994) . Bmp-2 and Bmp-4, which are closely related to the Drosophih decupenfaplegic (dpp) gene, are expressed in complex, dynamic patterns in the limb bud (Lyons et al., 1990; Jones et al., 1991; ; reviewed by Hogan et al., 1994) . During early wing bud stages in the chick, BMP-2 transcripts are present in the apical ectodermal ridge (AER) and the mesenchyme of the zone of polarizing activity (ZPA). BMP4 transcripts are localized to the AER and adjacent mesenchyme, with expression in the mesenchyme being initially diffuse but becoming restricted to the anterior and posterior margins. Recently, Francis-West et al. (1994) have demonstrated that both Bmp-2 and -4 are also expressed in the facial primordia of the chick embryo. In addition to Bmp-2 and -4, another BMP, Bmp-7, is expressed at high levels in both the limb bud and the branchial arches in mouse embryos (Lyons et al., 1995) and we show here that this is also the case for the chick.
Another gene family which has been shown to play multiple roles in vertebrate pattern formation represents the homologs of the Drosophila hedgehog (hh) gene (Echelard et al., 1993; Krauss et al., 1993; Riddle et al., 1993) . The product of this gene is a secreted protein which is autoproteolytically cleaved to produce both short and longer range acting peptides (Lee et al., 1994) . At least three hh-related genes exist in mouse and chick, of which the most intensively studied is shh (Echelard et al., 1993) . Shh expression is first localized to the notochord and floor plate, where it plays a key role in establishing the ventral pattern of both the developing neural tube and somites (Echelard et al., 1993; Fan and Tessier-Lavigne, 1994; Roelink et al., 1994; Tanabe et al., 1994) . Shh is also expressed in the ZPA of the developing limb bud (Riddle et al., 1993) . The ZPA is a region of posterior mesenchyme which functions to establish the posterior to anterior pattern of the wing bud. Transplantation of a ZPA to an ectopic location in the anterior wing bud results in mirror image duplication of distal skeletal elements (Tickle et al., 1975) . Additionally, experiments using both cells and retroviral vectors expressing SHH have shown that this factor can induce an ectopic ZPA in the anterior wing bud (Riddle et al., 1993) . This induction is accompanied by upregulation of Bmp-2 expression in the mesenchyme and of Fgf-4 in the adjacent ectoderm.
In addition to BMPs and shh, FGFs play a major role in limb bud patterning. To date, three members of the FGF family, Fgf-2, Fgf-4, and Fgf-8, are known to be expressed in the AER of developing limb bud (Niswander and Martin, 1992; Suzuki et al., 1992; Fallon et al, 1994; Crossley and Martin 1995) . Niswander et al. ( , 1994 have demonstrated that FGF4 can substitute for the AER in promoting proliferation of limb bud mesenchyme and that it is involved in a feedback loop with shh, maintaining its expression in the ZPA. Recently, Cohn et al. (1995) demonstrated that several FGFs are capable of initiating the formation of ectopic limbs when applied to the lateral body wall, adjacent to the normal limb bud field. Taken together, the data on expression of BMPs, FGFs, and SHH and their regulation have led to a model in which the factors coordinately contribute to the implementation of a genetic program leading to limb bud outgrowth and patterning (Niswander et al., 1994; reviewed by Tabin, 1995) .
Here we report that Bmp-7, shh, and Fgf-8 are expressed in discrete patterns in the branchial arches, in particular in the posterior ectodermal margin (PEM) of the 2nd branchial arch. Therefore, based on current knowledge of limb bud pattern formation and the expression data presented here, one may begin to postulate that branchial arch growth and patterning involves basic signalling mechanisms similar to those in the limb bud.
Results

Bmp-7 and Bmp4 expression in the craniofacial region of whole embryos
Bmp-7 mRNA expression was examined from stages 5 to 20. Although we have focused on the craniofacial region at later stages, earlier expression patterns are briefly reported here (data not shown). At stage 5, Bmp-7 transcripts are detected in the posterior third of the primitive streak in the primitive ridges but not the primitive groove. By stages 9 and 10, expression is seen in the ectoderm lateral to the mid and hind brain of the embryo. As the wing bud develops, Bmp-7 transcripts are first detected at stage 17 in the distal ectoderm and persist at least through stage 22 in the AER. Additionally, Bmp-7 expression is detected in the developing heart from stages 10 to 20 (see also Fig. 2 ).
The earliest time at which Bmp-7 expression was detected in the developing craniofacial region was stages 12 (Fig. 1A) when transcripts are localized along the dorsal rim of the otic vesicle. Expression in this area is still present at stage 14 but has expanded to include the posterior rim of this structure ( Fig. 2A) . At stage 16 Bmp-7 mRNA is detected around almost the entire rim of the otic vesicle ( Fig. 2B ) and remains clearly detectable at stages 18 and 20 ( Fig. 2C and data not shown) .
At stage 12-13 there is a distinct patch of mRNA expression in the ectoderm anterior and lateral to the otic vesicle at approximately the level of rhombomere 2 in the region where the first branchial cleft will form (Figs. 2A and 4A) . As shown below, this expression continues during the development of the 1st arch. By stage 14 an additional area of Bmp-7 expression becomes apparent, located lateral to the otic vesicle and coincident with where the 2nd branchial arch (hyoid arch) is beginning to form (arrow, Fig. 2A ). By stage 16-17 the branchial arches are distinct structures and Bmp-7 transcripts are localized to the first branchial cleft, the posterior margin of the second branchial arch, and the third branchial cleft (Fig. 2B) . At stage 19-20, transcripts are clearly detectable in the posterior margin of the second and third branchial arches as well as being maintained in the first and third branchial clefts (Fig. 2C) . Additionally, expression is seen on the surface of the maxillary process.
Bmp-4 is also detected in the branchial arches at stage 18 (Fig. 3) . However, unlike Bmp-7 which is expressed mainly in clefts or along margins, Bmp-4 transcripts localized to the distal tips of the 1st and 2nd arches, although both Bmp4 and Bmp-7 mRNA are detected in similar patterns in the maxillary process. Additionally, Bmp4 is expressed in a spot on the anterior of the 2nd arch adjacent to the first branchial cleft. This area of expression is apparently overlapping with FGF-8 (see below and Fig. 5C ).
Fgf-8 expression in the craniofacial region of whole embryos
The pattern of Fgf-8 RNA expression in the branchial region was determined for stages 12-18 and compared to that of Bmp-7. In stage 12 embryos Fgf-8 transcripts are detected at high levels in two broad lateral bands on either 
maxilanchial
side of the head at the level of the hindbrain (Fig. lB,  asterisk ). Fig. 4B shows this area of hybridization in cross section and it is clear that not only is Fgf-8 expressed in the ectoderm but also in the pharyngeal endoderm. Additionally, Fgf-8 mRNA is expressed in the neuroepithelium at the midbrain-hindbrain junction, tbe ectoderm overlying the developing telencephalon, and the developing limb buds (Fig. 4B and data not shown).
At stage 14, when the arches are just discernible, Fgf-8 expression is still rather diffuse over the entire branchial region (Fig. 5A ). At stage 16 most of the arches are clearly defined structures and Fgf-8 transcripts appear to be localized in more discrete regions (Fig. 5B) . Specifically, expression becomes more restricted to the posterior and anterior margins of the 1st and 2nd arches, although in the area of the 3rd and 4th arches expression is still widespread. Fig. 5C shows that Fgf-8 hybridization remains strong in the area of the 3rd and 4th arches, the maxillary process and along the anterior margin of the first arch near the first branchial cleft. In the 2nd arch Fgf-8 tran- scripts have become restricted in the anterior to a well defined spot adjacent to the first branchial cleft (arrowhead in Fig. 5C ) while strong expression is still detected along the entire posterior margin.
shh expression in the craniofacial region of whole embryos
At stage 12, shh mRNA is detected bilaterally in a very localized patch, lateral and ventral to the neural tube, at approximately the level of rhombomeres 4 and 5 (Fig.  1C) . Also, a very strong region of hybridization is apparent on the ventral surface of the embryo in the region where the oral cavity will eventually form. Expression of shh transcripts in this area is maintained through stage 16 (Fig. 6) .
As the complex morphology of the developing branchial arch apparatus emerges, the area corresponding to the bilateral patches of expression at stage 12 expands, giving rise to the posterior margin of the 2nd branchial arch. Fig. 6 shows the expression of shh in the posterior margin of the 2nd arch at stages 14-18. Additionally, at these later stages, expression can be detected in the pharyngeal endoderm (data not shown). 
Bmp-7, Fgf-8, and shh are expressed in overlapping cell populations
Using whole mount in situ hybridization it is difficult to ascertain whether Bmp-7, shh, and Fgf-8 transcripts in the branchial arches are present in ectodermal or mesenchymal tissue. Therefore, embryos which had undergone whole mount in situ hybridization with riboprobes for these three genes were further processed for histological analysis. This analysis revealed that cells which express shh, Bmp-7, and Fgf-8 are located in the surface epithelium. Moreover, in the 2nd arch this expression coincides with a transitional zone between surface ectoderm and pharyngeal endoderm. Fig. 7 shows coronal sections through stage 18 embryos. It is clearly evident that Fgf-8, Bmp-7 and shh mRNAs are expressed in the ectodermal cells of the posterior margin of the 2nd arch. In fact, the expression patterns of these three genes as seen in coronal section suggests that all three have overlapping domains of expression.
Discussion
Branchial arches contain endodermal, mesenchymal, and ectodermal components. Ectodermal and endodermal tissues form an epithelial jacket encasing mesenchyme which consists of an inner core derived from paraxial mesoderm surrounded by additional mesenchyme derived from the neural crest. During development, this mesenchymal tissue gives rise to a specific arrangement of muscles, skeletal elements, nerves, and blood vessels characteristic of each arch. For example, the 2nd arch contributes to muscles of facial expression, the stapes and part of the hyoid bones, the facial nerve, and the stapedial artery (Sperber, 1989) . However, the patterning of these structures is poorly understood. It appears, however, that at least the neural crest component of the arches acquires some positional specification prior to migration from the hindbrain and entry into the developing arches. Using chick/quail grafting experiments, Noden (1983) showed that the crest which normally contributes to the formation of 1st arch skeletal elements, still gives rise to these same skeletal elements when manipulated to migrate into the 2nd branchial arch. These experiments demonstrate that neural crest cells have acquired positional information prior to branchial arch formation. However, the implementation of this information, resulting in the formation of the appropriate skeletal elements, is dependent upon signals from both ectodermal and endodermal tissues in the developing branchial region. Premigratory neural crest, when cultured alone, does not differentiate into cartilage, but if cultured with cranial ectoderm or pharyngeal endoderm this differentiation does occur (Epperlein and Lehmann, 1975; Bee and Thorogood, 1980; Graveson and Armstrong, 1987) . In addition to the requirement of ectoderm or endoderm for cartilage differentiation of neural crest, outgrowth of the branchial arches requires epithelial/mesenchymal interactions. Richman and Tickle (1989) have demonstrated this interaction in experiments in which the 1st branchial arch, the maxillary arch, and the frontonasal mass, both with and without epithelium, were grafted and cultured in ovo. In these experiments, the mesenchyme is unable to grow in the absence of epithelium. Therefore, cell-cell interactions must occur between the ectoderm and mesenchyme of the arches so that the program leading to the correct formation of the head and neck will be implemented.
However, the molecular basis of these interactions is largely unknown. In order to explore this problem further, we chose to focus on the expression patterns of three genes which are involved in patterning events in other areas of the embryo, Bmp-7, Fgf-8, and shh.
Potential role of BMP in branchial arch development
Since BMP-2 has been shown to attenuate growth of cultured limb mesenchyme, one role of BMPs in branchial arch development may be to inhibit growth. For example, the neural crest makes a major contribution to the formation of the arches and Graham et al. (1994) have shown that Bmp-4, which is expressed in rhombomeres 3 and 5 of the hindbrain, can induce apoptosis of cultured neural crest cells from these rhombomeres.
In this same set of experiments it was also shown that BMP4 can upregulate expression of the homeobox containing gene, Msx-2 in these neural crest cells. This result is notable for two reasons. Firstly, Msx-2 is expressed in the distal regions of the branchial arches similar to Bmp4 (Nishikawa et al., 1994) and secondly, it is also expressed in the AER and underlying mesenchyme of the limb bud, reminiscent of Bmp-4 expression (Robert et al., 1991) . Additionally, have shown that the gene product of another BMP, BMP-2, can attenuate the stimulatory activity of FGF4 on the proliferation of mouse limb mesenchyme cells cultured in vitro. Bmp-2 is normally expressed in the AER and posterior mesenthyme of the ZPA and can be ectopically induced in the anterior mesenchyme by both retinoic acid and shh Laufer et al., 1994) . It is notable that several members of the BMP and FGF gene families have overlapping expression patterns in both the limb bud and the branchial arches. For example, previous work has shown that BMP-2, -4, -7 and FGF-2, -4, -8 are all expressed in the AER of the limb bud (Lyons et al., 1990; Jones et al., 1991; Niswander and Martin, 1992; Lyons et al., 1995; Crossley and Martin, 1995) , while we have shown closely overlapping, although not identical, patterns of expression for Bmp-7 and Fgf-8 in the branchial arches of chick embryos. Additionally, Bmp4 is also expressed in the branchial arches, although in a different pattern. The overlap of Bmp-7 and Fgf-8 expression is particularly evident in the posterior ectodermal margin (PEM) of the 2nd arch. Given these data, perhaps one role of BMPs in development is to provide a growth inhibitory signal to counterbalance the growth stimulatory activity of FGFs. Along this line of reasoning, in embryos at stages 12 and 14 ( Fig. 2A and 4A ), Bmp-7 transcripts are detected in discrete regions which will become the 1st and 2nd branchial clefts. If cells expressing Bmp-7, or the cells immediately adjacent to them, are inhibited in their growth, these regions could represent focal points of growth inhibition. While these regions are restricted in growth, cells posterior and anterior to Bmp-7 expressing areas would continue to grow, budding out from the body axis. A similar type of mechanism is proposed to occur in limb bud formation, where there is a selective decrease in proliferation in cells adjacent to areas where limb buds are initiated @earls and Janners 197 1; reviewed by Tickle and Eichele, 1994 ). This has also been shown to be a mechanism employed during frontonasal morphogenesis (Minkoff and Kuntz, 1977) . However, in this case there is no colocalization of BMP expression with the regions of growth inhibition. It should be possible, however, to test if Bmp-7 is inhibiting cell growth in the branchial region by placing beads soaked in BMP-7 protein, or injecting retroviruses driving the expression of Bmp-7 cDNA, into this region of early stage chick embryos.
Potential role for fibroblast growth factor 8 in branchial arch development
Three FGFs, -2, -4, and-8 are expressed in the AER of developing limb buds. Removal of the AER results in limb truncations, but in the absence of an AER, FGF protein can maintain limb outgrowth and development Fallon et al., 1994) . Further study has revealed that FGF4 participates in a positive feedback loop with shh, providing a molecular model for the reciprocating interaction known to exist between the AER and ZPA (Niswander et al., 1994; Laufer et al., 1994) . More recently, Cohn et al. (1995) have shown that beads soaked in FGF-1, -2, or -4, when placed in the flank of pre-limb bud stage embryos, can induce the formation of complete ectopic limbs.
Since several FGFs are capable of inducing outgrowth of limb buds, it is reasonable to assume that FGFs are involved in branchial arch outgrowth. We show in Fig.  1A that Fgf-8 is strongly expressed throughout the prospective branchial region prior to the morphological appearance of the arches. Fig. 4B shows that at this time not only is Fgf-8 expressed in the ectoderm but also in the lateral aspects of foregut endoderm, the presumptive pharyngeal endoderm. This expression pattern suggests that Fgf-8 may be one of the molecules that mediates interactions known to occur between migrating neural crest and ectoderm and endoderm (Epperlein and Lehmann, 1975; Bee and Thorogood, 1980; Graveson and Armstrong, 1987) .
After the arches have become distinct structures, Fgf-8 expression becomes more restricted to areas nearly overlapping with those expressing Bmp-7. Early arch formation could be achieved by having a relatively large area of growth stimulation (Fgf-8 alone) punctuated by small areas of growth inhibition (Bmp-7) so that several discrete outgrowths would result. Once the buds have formed, co-expression of Fgf-8 and Bmp-7 would provide the opportunity for tightly regulated growth, depending on the relative balance of the two factors produced. The temporal and spatial patterns of Fgf-8 and Bmp-7 expression in the branchial arches are consistent with these ideas if one assumed that FGFs stimulate and BMPs restrict outgrowth. The possible function of Fgf-8 in the PEM of branchial arch 2 is discussed below.
Sonic hedgehog
Shh, like FGFs and BMPs, is a secreted polypeptide but unlike these two factors study of its role in development has focused on its involvement in positional specification rather than on growth regulation. Shh is expressed in several tissues important for establishing dorsal-ventral or anterior-posterior polarity. For example, shh is expressed in the notochord and floorplate and has been shown to play a role in establishing the dorsal-ventral pattern in the developing spinal cord and somites (Roelink et al., 1994; Fan and Tessier-Lavigne, 1994; Johnson et al., 1994) . In the limb bud, shh is expressed in the ZPA and, when expressed in the anterior of the limb bud, can induce the formation of an ectopic ZPA resulting in establishment of a second anterior-posterior axis with mirror image duplication of skeletal elements (Riddle et al., 1993) .
For the most part, branchial arches grow along a P-D axis in a dorsolateral to ventromedial direction with the exception of the 2nd arch which also grows along an A-P axis. As discussed in detail below, the posterior of the 2nd arch grows posteriorly to cover the 3rd and 4th arches. Therefore, since shh is expressed in the ZPA of the limb bud and plays a role in establishing the A-P axis of the limb, expression of shh in the PEM indicates that shh may play a role in establishing the A-P axis of the 2nd arch. Additionally, as in the limb bud, there may be reciprocal interactions between shh and Fgf-8 leading to regulation of downgrowth in the 2nd arch.
3.4. A specific model for interactions of Bmp-7, Fgf-8, and shh in 2nd arch morphogenesis
The results presented here show that while Bmp-7 and Fgf-8 are expressed in overlapping cell populations in the branchial arches, it is only in the PEM of the 2nd branchial arch that these genes are co-expressed with shh. This coexpression is quite remarkable, and raises the question of why it is seen in the 2nd arch and not in the others. Unlike the limb, in which the main axis of outgrowth is P-D and perpendicular to the axis of A-P polarity, the 2nd branchial arch grows along both of these axes. As the 2nd arch grows posteriorly it forms an operculum that eventually covers the 3rd and 4th arch, its ectoderm fusing with ectoderm posterior to the 4th arch. A transient cavity called the cervical sinus is formed during this process but if the 2nd arch operculum does not completely enclose the cervical sinus, this cavity may persist in the adult as a branchial sinus or fistula leaving an external opening in the neck. Since the PEM of the 2nd arch, like the AER of the limb bud, expresses both Fgf-8 and Bmp-7 we propose that it has some of the same functions. This would allow for the maintenance of undifferentiated, proliferating cells in a type of progress zone as the 2nd arch grows posteriorly. Additionally, the expression of shh in this same PEM may establish a ZPA type area specifying the A-P axis in the rapidly expanding tissue. A striking difference, however, between this putative ZPA and that of the limb bud is that shh is not expressed in mesenchymal tissue but is coexpressed in the ectoderm with Examination of the expression patterns of Bmp-7, Fgf-8, and shh in the developing branchial arches, particularly the 2nd arch has provided us with some basic information with which to formulate a model for arch growth and patterning. One way in which to test this model will be to ectopically misexpress the various factors and assess changes in morphology and gene expression patterns. Additionally, in ovo manipulations will be useful for perturbing arch development and yielding insights into interactions between various arches and tissues. By combining various methodologies we can begin to elucidate the molecular basis of branchial arch development.
Materials and methods
I. Chick embryos
Eggs from white Leghorn chickens were incubated at 38°C and embryos staged according to Hamburger and Hamilton (1951) . Embryos for whole mount in situ hybridization were fixed in 4% paraformaldehyde in calcium/magnesium-free phosphate buffered saline (PBS) at 4°C overnight. After rinsing in PBS + 0.1% Tween 20 (PBT), extraembryonic membranes were removed. Embryos were subsequently dehydrated through a graded series of methanol/PBT washes (25-100%) then stored in 100% methanol at -20°C.
Cloning of chick FGF-8
The mouse Fgf-8b cDNA (kindly provided by Dr. C. MacArthur, Washington University) was used to screen a chick genomic library (Clonetech CLO12j, provided by Dr. J. Barnett, Vanderbilt University Medical School). A 2.2 kb PvuII fragment of one of the resultant FGF-8 clones was isolated and subcloned into pBluescript KS II. Subsequently, this fragment was digested with PstI yielding two fragments of 1.2 (cFgf8.L) and 0.4 (cFgf8.S) kb. Both fragments were subcloned into pBluescript KS II and sequenced. The cFgf8.L fragment contained 189 bp encoding an amino acid sequence that is 95% identical to the sequence encoded by nucleotides 403-592 of mFgf-8 (Tanaka et al., 1992) . cFgf8.L was used as a template for preparing riboprobe for whole mount in situ hybridization.
Preparation of digoxygenin (DIG) labeled riboprobes
Plasmids containing coding sequence for chick shh (a gift from Dr. C. Tabin, Harvard University Medical School), Bmp4 (a gift from Dr. P. Brickell, University College London), Bmp-7 (a gift from Dr. B. Houston, Roslin Institute, Edinburgh), and Fgf-8 were linearized and used as templates for riboprobes incorporating DIG-UTP. Probe synthesis was carried out based on protocols developed by Wilkinson (1992) .
Whole mount in situ hybridization
Embryos were rehydrated through a graded series of methanol/PBT washes (75-O%) then bleached in 6% hydrogen peroxide in PBT. After rinsing in PBT, embryos were treated with lOpg/ml proteinase K. The time of proteinage K treatment ranged from 5 min to 20 min depending on the stage and embryos were immediately washed in PBT + 2 mg/ml glycine, PBT, and then refixed in 4% paraformaldehyde/0.2% glutaraldehyde. PBT washes were done after fixation and prior to prehybridization in buffer containing 50% deionized formamide, 5% SSC, 50pglml tRNA, 1% SDS, 50pg/ml heparin at 7O'C. Hybridization was carried out at 7O"C, overnight, in 1 ml prehybridization buffer + 10~1 of probe. Embryos were then washed twice for 30 min in 50% deionized formamide + 5 x SSC + 1% SDS at 70°C and once for 30 min at 65°C. Subsequently, embryos were washed three times for 30 min in 50% deionized formamide + 2~ SSC + 0.5% SDS. To prepare samples for incubation with anti-DIG antibody (Boehringer Mannheim 1093 274), embryos were washed three times in Tris buffered saline + 0.1% Tween 20 (TBST) then blocked in TBST + 10% sheep serum + 2 mM levamisole for 2.5 h at room temperature. During this blocking step, anti-DIG antibody was pre-absorbed in TBST + 1% sheep serum + 2 mM levamisole + 0.5% chick embryo acetone powder (prepared from stage 30-35 chick embryos according to Harlow and Lane, 1988) . Embryos were incubated overnight at 4°C in TBST + 1% sheep serum + 2 mM levamisole + anti-DIG antibody diluted 1:2000. After incubation with antibody, samples were washed three times 5 min in TBST + 2 mM levamisole, then five times 1 h in TBST + 2 mM levamisole. Before addition of the BM purple substrate (Boehringer Mannheim 1442 074), embryos were washed three times 10 min in 100 mM NaCl, 100 mM Tris (pH 9.5), 5 mM MgCl*, 0.1% Tween 20, 2 mM levamisole. After addition of BM purple, specimens were kept light protected and staining intensity checked every 30 min. After 1.5-2.0 samples were rinsed in PBT for 10 min, then refixed in 4% paraformaldehyde/0.2% glutaraldehyde overnight at 4°C. For photography of whole embryos, samples were subsequently washed in PBT then cleared in PBT/glycerol 1:l followed by PBT/glycerol 1:4.
Sectioning and counter-staining of stained whole embryos
After whole mount in situ hybridization, instead of clearing in PBT/glycerol, embryos were dehydrated in a graded series of methanol/PBT washes (25-100% methanol). In preparation for paraffin embedding, samples were placed in xylene, twice for 5-10 min, then a 1: 1 mix of xylene/paraffin for 10 min, followed by two 1 h treatments with paraffin. Embryos were then embedded and 7pm sections cut according to standard procedures. Sections were mounted on glass slides, dewaxed, rehydrated and counterstained for 1 min in Eosin B/Phloxin B. Slides were rinsed in 95% and 100% ethanol, then taken through xylene before mounting in Permount. 
